The primary objective for this paper is to create a methodology to rapidly optimize double-stators switched reluctance motor (DSSRM). An analytical model of equivalent magnetic circuits for the air gap reluctances of aligned and unaligned positions is proposed and the optimal operation point of the magneto-motive force (MMF) can be determined. Genetic algorithm (GA) integrated of the proposed equivalent magnetic circuit is developed for rapid optimization of DSSRM to reach the maximum of the ratio of torque to volume of DSSRM. Compared to conventional switched reluctance motor (SRM), an illustrated example of a 3-KW three-phase 12-Slot-8-Pole DSSRM is used to verify the efficiency of the proposed method. Simplified 2-D electromagnetic models are analyzed and simulated. Finally, results of the analytical calculations and the finite-element analysis (FEA) are validated by the proposed motor to show the accuracy of the designed strategy.
Introduction
In recent years, switched reluctance motors (SRMs), as shown in Figure 1a , have been used for various applications such as aerospace industry, marine propulsion systems, linear drives, mining drives, handheld tools, home utilities, etc. The main reasons for using SRMs in these applications are low-cost construction characterized by an absence of magnets and rotor winding, fault tolerant power stage design, and high level of performance over wider range of speeds. In general, SRMs have drawbacks of vibration and acoustic noises to limit their applications. To increase power density of SRM requires smaller air gap to easily force the motor into a highly saturated mode. The major benefits of double-stators switched reluctance motor (DSSRM), as shown in Figure 1b , in comparison with the conventional SRM are higher torque/power density; higher force conversion efficiency; higher motional force with lower radial force; and larger effective air gap reluctance at unaligned position. Due to the double-stator mechanical design of DSSRM, the design consideration is more complicated than that of SRM. Therefore, some studies on the designing and analysis of DSSRM can be found recently. In [1] , based on dissecting DSSRM into inner and outer rotor SRMs, a design strategy concentrating on power rating was proposed to calculate the dimensions of DSSRM. Both inner and outer rotor SRMs can be designed separately. In [2] , an analytical model for the unaligned inductance of the SRM was developed. Both the contribution of the flux in the stator slot and the contribution of the flux in the rotor slot to the unaligned inductance were considered. In [3] , the structural behavior of a DSSRM and a conventional SRM using a multi-physic analysis was compared. An electromagnetic finite-element method is used to calculate force density at various parts of the stator surface in both machines. In [4] , thermal modeling and analysis of DSSRM were presented. A three-dimensional finite-element method (FEM) has been used to numerically calculate the temperature distribution in different parts of the machine. In [5] , the design method of DSSRM is based on optimization of the motional forces, which leads to a high-grade electromechanical energy conversion process. A local examination of the force densities within and throughout a conventional SRM shows that the majority of the force produced is in the radial direction and does not contribute to motion. In [6] , a design optimization of a double-stator switched reluctance machine was proposed for improving the magnetic torque quality of the machine. For this purpose, finite element method along with response surface methodology was used to optimize three parameters of the machine to maximize torque quality factor i.e., the average torque to torque ripple ratio in the machine. In [7] , an effective rotor shaping optimization technique for torque ripple reduction of DSSRM was presented. This method leads to the lower torque pulsation without significant reduction in the average torque.
DSSRM has a novel, optimized pattern of magnetic flux paths within the electrical machine, which yields superior performance. As seen in existing studies, the torque density of DSSRM can be twice that of SRM. Double stators (outer stator and inner stator) of DSSRM can be used to reduce the radial force and noise during operation. The shell type rotor results in dramatically smaller inertia. Therefore, DSSRM maintains the fault tolerance and the wider speed range capability. From the references mentioned above, numerical solution of FEM applied to various characteristic analyses of DSSRM is adopted in most studies, while there are fewer details of air gap reluctances of aligned and unaligned positions. Therefore, this paper presents a mathematic modeling of DSSRM with equivalent magnetic circuit to precisely obtain the magnetic flux linkages of aligned and unaligned positions. This modeling is used to provide target equation of GA for rapidly optimization of DSSRM. This paper is organized as follows. In Section 2, equivalent magnetic circuit of DSSRM is constructed to analyze the air gap flux linkages of aligned and unaligned positions, and the optimal operation point of the MMF is determined. Optimal design of DSSRM with GA, including of core material, winding setting, and machine arrangement, is performed in Section 3. The simplified 2D electromagnetic models are analyzed and simulated in Section 4. Finally, the conclusions are drawn in Section 5.
Equivalent Magnetic Circuit Analysis of DSSRM
DSSRM is a novel SRM that is designed to perform at high torque levels. The cross section of a three-phase 12-Slot-8-Pole DSSRM is illustrated in Figure 2 . DSSRM benefits from two stators, which are made of laminated ferromagnetic material and are equipped with concentrated windings. They are located on the interior and exterior of a cylindrical rotor. The rotor is formed by segments of laminated ferromagnetic material, which are held together using a non-ferromagnetic cage.
The electromagnetic torque of SRM is based on the inductance variation of the stator winding, which is a nonlinear function of stator current and rotor position. Practically, the inductance of the stator winding can be calculated by measuring the flux linkage. However, the magnetic flux linkage This paper is organized as follows. In Section 2, equivalent magnetic circuit of DSSRM is constructed to analyze the air gap flux linkages of aligned and unaligned positions, and the optimal operation point of the MMF is determined. Optimal design of DSSRM with GA, including of core material, winding setting, and machine arrangement, is performed in Section 3. The simplified 2D electromagnetic models are analyzed and simulated in Section 4. Finally, the conclusions are drawn in Section 5.
The electromagnetic torque of SRM is based on the inductance variation of the stator winding, which is a nonlinear function of stator current and rotor position. Practically, the inductance of the stator winding can be calculated by measuring the flux linkage. However, the magnetic flux linkage of the stator winding is difficult to measure directly in the case of DSSRM. Therefore, this paper exploits equivalent magnetic circuit of air gap to obtain the flux linkage curve, which is a function of rotor position. In general, SRM is a doubly salient brushless motor, with concentrated copper windings on the stator poles, and no windings or magnets on the rotor poles. Each phase is wound on diametrically opposite stator poles. Excitation of a phase, that is, excitation of a pair of diametrically opposite stator poles, causes the nearest pair of rotor poles to align with the excited stator poles. This produces torque regardless of the direction of the current in the phase winding. Therefore, only unipolar currents are required in stator phases, and sequential excitation based on rotor position causes the rotor to rotate and align its poles with the excited stator poles. In the following, the magnetic flux linkages of aligned and unaligned positions are analyzed, and their equivalent magnetic circuits are derived. of the stator winding is difficult to measure directly in the case of DSSRM. Therefore, this paper exploits equivalent magnetic circuit of air gap to obtain the flux linkage curve, which is a function of rotor position. In general, SRM is a doubly salient brushless motor, with concentrated copper windings on the stator poles, and no windings or magnets on the rotor poles. Each phase is wound on diametrically opposite stator poles. Excitation of a phase, that is, excitation of a pair of diametrically opposite stator poles, causes the nearest pair of rotor poles to align with the excited stator poles. This produces torque regardless of the direction of the current in the phase winding. Therefore, only unipolar currents are required in stator phases, and sequential excitation based on rotor position causes the rotor to rotate and align its poles with the excited stator poles. In the following, the magnetic flux linkages of aligned and unaligned positions are analyzed, and their equivalent magnetic circuits are derived. Figure 2 shows the magnetic flux of the single phase of DSSRM to align with the excited stator pole. The equivalent magnetic circuit of Figure 2 is described in Figure 3, In Figure 3 , the MMF equations of each loop 1 φ , 2 φ , 3 φ , and 4 φ can be given as, respectively, Figure 2 shows the magnetic flux of the single phase of DSSRM to align with the excited stator pole. The equivalent magnetic circuit of Figure 2 is described in Figure 3 , where R so is core reluctance of the outer stator; R si is core reluctance of the inner stator; R r is core reluctance of the rotor; R go is reluctance of the outer air gap; R gi is reluctance of the inner air gap; F o is MMF of the outer stator; F i is MMF of the inner stator; and φ 1 , φ 2 , φ 3 , and φ 4 are the magnetic fluxes of each loop. of the stator winding is difficult to measure directly in the case of DSSRM. Therefore, this paper exploits equivalent magnetic circuit of air gap to obtain the flux linkage curve, which is a function of rotor position. In general, SRM is a doubly salient brushless motor, with concentrated copper windings on the stator poles, and no windings or magnets on the rotor poles. Each phase is wound on diametrically opposite stator poles. Excitation of a phase, that is, excitation of a pair of diametrically opposite stator poles, causes the nearest pair of rotor poles to align with the excited stator poles. This produces torque regardless of the direction of the current in the phase winding. Therefore, only unipolar currents are required in stator phases, and sequential excitation based on rotor position causes the rotor to rotate and align its poles with the excited stator poles. In the following, the magnetic flux linkages of aligned and unaligned positions are analyzed, and their equivalent magnetic circuits are derived. Figure 2 shows the magnetic flux of the single phase of DSSRM to align with the excited stator pole. The equivalent magnetic circuit of Figure 2 is described in Figure 3, In Figure 3 , the MMF equations of each loop 1 φ , 2 φ , 3 φ , and 4 φ can be given as, respectively, In Figure 3 , the MMF equations of each loop φ 1 , φ 2 , φ 3 , and φ 4 can be given as, respectively,
Calculated Magnetic Flux Linkage of Aligned Position

Assuming (1)- (4) can be integrated as
The permeance distribution for the rotor to align its poles with the excited stator poles is shown in Figure 4 , where W so is salient pole width of the outer stator; W si is salient pole width of the inner stator; W r is block rotor width; and g is air gap width. Considering fringing effect, the permeances, i.e., P ao and P ai , of the rotor to align its poles with the outer and inner stator poles can be given as, respectively,
where µ 0 is vacuum permeability coefficient; and A so and A si are cross sections of salient poles of outer stator and inner stator, respectively. (1)- (4) can be integrated as
The permeance distribution for the rotor to align its poles with the excited stator poles is shown in Figure 4 
Outer stator Due to relative permeability coefficient of stator core being finite, for magnetic flux passing through air gap by air gap width expansion, the fringing effect should be considered. The circulararc straight-line permeance model is often used for modeling the flux flow in the air gap [8] . Therefore, to calculate relative permeability coefficient of stator core under the fringing effect, this paper uses circular-arc straight-line modeling to calculate the permeances ( _ ao f P and _ ai f P ) of inner and outer stator cores, respectively, i.e., Due to relative permeability coefficient of stator core being finite, for magnetic flux passing through air gap by air gap width expansion, the fringing effect should be considered. The circular-arc straight-line permeance model is often used for modeling the flux flow in the air gap [8] . Therefore, to calculate relative permeability coefficient of stator core under the fringing effect, this paper uses circular-arc straight-line modeling to calculate the permeances (P ao_ f and P ai_ f ) of inner and outer stator cores, respectively, i.e.,
where L stk is thickness of coiled silicon steel sheet. Due to permeance distribution of inner and outer air gaps being parallel connection type, the reluctances (R go and R gi ) of outer and inner air-gaps can be obtained by, respectively,
The core reluctances (R so , R si , and R r ) of outer and inner stators and rotor can be obtained as, respectively,
where µ is permeability coefficient of core; l so , l si , and l r are magnetic flux lengths of outer stator, inner stator, and rotor, respectively; and A r is the cross-sectional area of segmented rotor. Then, Equations (10)-(14) can be substituted into Equation (5) to calculate magnetic linkage of air gap. To calculate the MMF at align position, a magnetic circuit with single excited phase is given as shown in Figure 5 . Then, the total MMF of F t can be given as:
where R core is total reluctance of iron core and R g is total reluctance of air gap. Then, the magnetic potential drop of F core can be given by:
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where stk L is thickness of coiled silicon steel sheet.
Due to permeance distribution of inner and outer air gaps being parallel connection type, the reluctances ( go R and gi R ) of outer and inner air-gaps can be obtained by, respectively,
The core reluctances ( so R , si R , and r R ) of outer and inner stators and rotor can be obtained as, respectively,
where μ is permeability coefficient of core; so l , si l , and r l are magnetic flux lengths of outer stator, inner stator, and rotor, respectively; and r A is the cross-sectional area of segmented rotor. Then, Equations (10)-(14) can be substituted into Equation (5) to calculate magnetic linkage of air gap. To calculate the MMF at align position, a magnetic circuit with single excited phase is given as shown in Figure 5 . Then, the total MMF of t F can be given as:
where core R is total reluctance of iron core and g R is total reluctance of air gap. Then, the magnetic potential drop of core F can be given by: In addition, the magnetic potential drop can be obtained by magnetic field intensity from the material B-H curve multiplied by the length of magnetic path of the iron core, i.e.,
From Equations (16) and (17), we have
Figure 6 can be used to verify the accuracy of the analytical solution (19) and to compare the numerical solution of FEM. In Figure 6 , larger MMF range is close to the magnetic saturation area of the stator under aligned position. Therefore, some discrepancy in the large MMF range of Figure 6 can be found. In this case, the optimal MMF of the proposed DSSRM is designed as about 1500 AT, which is located at non-magnetic saturation area. Therefore, the proposed equivalent magnetic circuit model of Figure 3 can be used to accuracy design DSSRM. In addition, the magnetic potential drop can be obtained by magnetic field intensity from the material B-H curve multiplied by the length of magnetic path of the iron core, i.e., core core core
From Equations (16) and (17), we have Figure 6 can be used to verify the accuracy of the analytical solution (19) and to compare the numerical solution of FEM. In Figure 6 , larger MMF range is close to the magnetic saturation area of the stator under aligned position. Therefore, some discrepancy in the large MMF range of Figure 6 can be found. In this case, the optimal MMF of the proposed DSSRM is designed as about 1500 AT, which is located at non-magnetic saturation area. Therefore, the proposed equivalent magnetic circuit model of Figure 3 can be used to accuracy design DSSRM. Figure 7 shows the magnetic flux path of the single phase of DSSRM at unaligned position. It can be found that air gap width and length of unaligned position are larger than that of aligned position and irregular shape of air gap can also be found. Therefore, it is difficult to calculate the unaligned reluctance. In this work, considering the superposition of the linear system, the magnetic linkages generated by outer and inner excited stator are analyzed separately, and then, the results can be merged. Figure 7 shows the magnetic flux path of the single phase of DSSRM at unaligned position. It can be found that air gap width and length of unaligned position are larger than that of aligned position and irregular shape of air gap can also be found. Therefore, it is difficult to calculate the unaligned reluctance. In this work, considering the superposition of the linear system, the magnetic linkages generated by outer and inner excited stator are analyzed separately, and then, the results can be merged. In addition, the magnetic potential drop can be obtained by magnetic field intensity from the material B-H curve multiplied by the length of magnetic path of the iron core, i.e., core core core
Calculated Magnetic Flux Linkage of Unaligned Position
From Equations (16) and (17), we have Figure 6 can be used to verify the accuracy of the analytical solution (19) and to compare the numerical solution of FEM. In Figure 6 , larger MMF range is close to the magnetic saturation area of the stator under aligned position. Therefore, some discrepancy in the large MMF range of Figure 6 can be found. In this case, the optimal MMF of the proposed DSSRM is designed as about 1500 AT, which is located at non-magnetic saturation area. Therefore, the proposed equivalent magnetic circuit model of Figure 3 can be used to accuracy design DSSRM. Figure 7 shows the magnetic flux path of the single phase of DSSRM at unaligned position. It can be found that air gap width and length of unaligned position are larger than that of aligned position and irregular shape of air gap can also be found. Therefore, it is difficult to calculate the unaligned reluctance. In this work, considering the superposition of the linear system, the magnetic linkages generated by outer and inner excited stator are analyzed separately, and then, the results can be merged. Considering fringing effect, completely unaligned position between stators and rotor is shown in Figure 8 , where W ra is rotor slot width; P ni_ f is fringing permeance of air gap of inner stator; P no_ f is fringing permeance of air gap of outer stator; P na is permeance of air gap of rotor slot; P ni is permeance of air gap between inner stator and rotor slot; and P no is permeance of air gap between outer stator and rotor slot. Considering fringing effect, completely unaligned position between stators and rotor is shown in Figure 8 , where ra W is rotor slot width;
is fringing permeance of air gap of inner stator;
is fringing permeance of air gap of outer stator; na P is permeance of air gap of rotor slot; ni P is permeance of air gap between inner stator and rotor slot; and no P is permeance of air gap between outer stator and rotor slot. Compared to the permeability coefficient of air gap at completely unaligned position, the permeability coefficient μ of iron core in Figure 8 can be assumed as infinite, and the magnetic potential drop of iron core can approach zero. Therefore, we can have the boundary condition of the magnetic field intensity of the rotor slots as shown in Figure 9 . Assume that the boundary condition of rotor slot does not include the exciting current. Then, we have Laplacian operator of z A as:
where z A is rotor slot magnetic potential of z direction. Here, to analyze boundary conditions of the magnetic field, intensity of the outer and inner stators can be used to calculate the flux linkage of rotor slot.
Calculated Flux Linkage of Outer Stator Excited
The boundary condition of the magnetic field intensity of the outer stator is shown in Figure 10 . The magnetic potential of z direction can be given as:
where n A can be determined by magnetic field intensity distribution of the boundary at r y h = , and can be given as Equation (22) and Figure 11 , i.e., Compared to the permeability coefficient of air gap at completely unaligned position, the permeability coefficient µ of iron core in Figure 8 can be assumed as infinite, and the magnetic potential drop of iron core can approach zero. Therefore, we can have the boundary condition of the magnetic field intensity of the rotor slots as shown in Figure 9 . Assume that the boundary condition of rotor slot does not include the exciting current. Then, we have Laplacian operator of A z as:
where A z is rotor slot magnetic potential of z direction.
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Considering fringing effect, completely unaligned position between stators and rotor is shown in Figure 8, Compared to the permeability coefficient of air gap at completely unaligned position, the permeability coefficient μ of iron core in Figure 8 can be assumed as infinite, and the magnetic potential drop of iron core can approach zero. Therefore, we can have the boundary condition of the magnetic field intensity of the rotor slots as shown in Figure 9 . Assume that the boundary condition of rotor slot does not include the exciting current. Then, we have Laplacian operator of z A as:
where n A can be determined by magnetic field intensity distribution of the boundary at r y h = , and can be given as Equation (22) and Figure 11 , i.e., Here, to analyze boundary conditions of the magnetic field, intensity of the outer and inner stators can be used to calculate the flux linkage of rotor slot.
A n cosh nπy W ra cos nπx W ra (21)
where A n can be determined by magnetic field intensity distribution of the boundary at y = h r , and can be given as Equation (22) and Figure 11 , i.e.,
W so + w o1 < x < W so + w o1 + w o2 (22) where N o is winding turns of outer stator and I is input current. 
where o N is winding turns of outer stator and I is input current. Due to windings of the stator being repeatability, Equation (22) can be expressed as a periodic function, i.e.,
where 
The mathematic relation of magnetic flux density and magnetic potential vector can be given as:
where A ∇ ×  is defined as the curl operator of A  . Therefore, from Equation (26), the magnetic field intensity can be obtained as: 
where A ∇ ×  is defined as the curl operator of A  . Therefore, from Equation (26), the magnetic field intensity can be obtained as: Figure 11 . Expression of magnetic field intensity H xo (x, h r ).
Due to windings of the stator being repeatability, Equation (22) 
where ∇ × → A is defined as the curl operator of → A. Therefore, from Equation (26), the magnetic field intensity can be obtained as: As y = h r , Equation (23) is equal to (27), thus we have
From Equations (27) and (28), the magnetic flux density to flow through the core surface vertically can be given as:
By integrating Equation (29) along y direction, the magnetic flux can be obtained as:
Calculated Flux Linkage of Inner Excited Stator
The boundary condition of the magnetic field intensity of the inner stator is shown in Figure 12 . The magnetic potential of z direction can be given as: 
B n can be determined by magnetic field intensity distribution of the boundary at y = 0, which can be given as Equation (32) and shown in Figure 13 , i.e.,
where N i is winding turns of inner stator.
, sinh cos cosh sin n n ra ra ra ra ra
As r y h = , Equation (23) is equal to (27), thus we have
n B can be determined by magnetic field intensity distribution of the boundary at 0 y = , which can be given as Equation (32) and shown in Figure 13 , i.e., According to Figure 13 , Equation (32) As y = 0, Equation (33) is equal to (36), thus we have
From Equations (36) and (37), the magnetic flux density of vertical through the core surface can be given as: By integrating Equation (38) along y direction, the magnetic flux can be obtained as:
Based on Equations (39) and (30), the permeance P na of the air gap can be given as:
The permeances of air gap between stator and rotor slot P ni and P no can be given as:
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The fringing permeance of air gap of inner stator P ni_ f and outer stator P no_ f can be given as:
The equivalent magnetic circuit of completely unaligned position between stator and rotor in Figure 8 can be drawn as Figure 14 , where the total reluctance R nt can be given as:
The fringing permeance of air gap of inner stator
and outer stator
can be given as:
The equivalent magnetic circuit of completely unaligned position between stator and rotor in Figure 8 can be drawn as Figure 14 , where the total reluctance nt R can be given as: Figure 14 . Equivalent magnetic circuit of completely unaligned position between stator and rotor in Figure 8 .
Total magnetic potential from inner and outer excited stators can be obtained as: 
Figures 15 and 16 can be used to verify the accuracy of the analytical solution Equation (46) and to compare the numerical solution from FEM. Total magnetic potential from inner and outer excited stators can be obtained as: 
Optimal Operation Point of MMF
The electromagnetic torque of DSSRM is based on the inductance variation of the stator winding, which is a nonlinear function of stator current and rotor position. In this paper, the optimal operation point of MMF is defined by the maximum torque, which is a design rule for the rated current and winding turns. Through the previous magnetic circuit analysis, the flux linkages corresponding to MMF of aligned and unaligned positions are determined, as shown in Figure 17 . The output power of DSSRM is calculated using the co-energy, which can be represented as the area enclosed between aligned and unaligned curves. The electric energy can be converted to torque by the variation of coenergy. Thus, the torque can be determined as:
where c W is co-energy; θ is rotor position; and i is the current. The maximum torque will be occurred at the optimal MMF which is close to maximum area change ratio of the co-energy as shown in the Figure 18 . Thus, the number of winding turns and rated current can be determined to fit the slot area and electrical design specification. 
The electromagnetic torque of DSSRM is based on the inductance variation of the stator winding, which is a nonlinear function of stator current and rotor position. In this paper, the optimal operation point of MMF is defined by the maximum torque, which is a design rule for the rated current and winding turns. Through the previous magnetic circuit analysis, the flux linkages corresponding to MMF of aligned and unaligned positions are determined, as shown in Figure 17 . The output power of DSSRM is calculated using the co-energy, which can be represented as the area enclosed between aligned and unaligned curves. The electric energy can be converted to torque by the variation of co-energy. Thus, the torque can be determined as:
where W c is co-energy; θ is rotor position; and i is the current. The maximum torque will be occurred at the optimal MMF which is close to maximum area change ratio of the co-energy as shown in the Figure 18 . Thus, the number of winding turns and rated current can be determined to fit the slot area and electrical design specification. 
Optimal Design of DSSRM
In this paper, GA integrated into the proposed equivalent magnetic circuit of DSSRM is used to design DSSRM, such that the ratio of torque to volume of DSSRM is maximum. Due to the maximum of the torque being proportional to the maximum variation of the co-energy, the maximum variation of the co-energy is given as the objective function of GA:
Geometric Parameters of DSSRM Optimization
In this paper, an illustrated example of a three-phase 12-Slot-8-Pole DSSRM is given (Figure 19 ). The corresponding notations are defined as following. 
Optimal Design of DSSRM
In this paper, GA integrated into the proposed equivalent magnetic circuit of DSSRM is used to design DSSRM, such that the ratio of torque to volume of DSSRM is maximum. Due to the maximum of the torque being proportional to the maximum variation of the co-energy, the maximum variation of the co-energy is given as the objective function of GA: max(∆W c ) = ∆W c (gen + 1) > ∆W c (gen).
Geometric Parameters of DSSRM Optimization
In this paper, an illustrated example of a three-phase 12-Slot-8-Pole DSSRM is given (Figure 19 ). The corresponding notations are defined as following.
W so is the outer stator tooth width. W si is the inner stator tooth width. W ro is the rotor tooth outside width. W ri is the rotor tooth inner width. b syo is the outer stator yoke width. b syi is the inner stator yoke width. h so is the outer stator tooth height. h si is the inner stator tooth height. h r is the rotor tooth height. D is the outer stator diameter. D axis is the shaft diameter. g is the air gap length. L stk is the thickness of the core. The angles (β s and β r ) of stator and rotor poles can be determined to fit the feasible triangle technique [9] required to design DSSRM. The constraints are given as: For the DSSRM design (Figure 19) , to simplify the design procedure, some parameters are predetermined, which are including of the diameter of the outer stator D , the diameter of motor axis axis D , thickness of coiled silicon steel sheet stk L , and length of the air gap g . Based on the dimension of Figure 19 , the related geometric equations are given as: For the DSSRM design (Figure 19 ), to simplify the design procedure, some parameters are pre-determined, which are including of the diameter of the outer stator D, the diameter of motor axis D axis , thickness of coiled silicon steel sheet L stk , and length of the air gap g. Based on the dimension of Figure 19 , the related geometric equations are given as:
Operation procedures of GA to determine the parameters of DSSRM are constructed, which is composed of initialization, fitness value, selection and reproduction, crossover, and mutation, as shown in Figure 20 . In operating procedures of GA, the initial values of DSSRM optimization are considered as input parameters. According to the constraints mentioned above, the initial population of geometric parameters can be determined. With the geometric parameters and B-H curve, the fitness value of analytical solution of equivalent magnetic circuit can be done, and used as the performance index for DSSRM optimization. Then, the population of geometric parameters is calculated via selection and reproduction, crossover, and mutation. The procedures can repeated within allowed limits until the design requirements are met. Based on the proposed design methodology, the optimal design of the proposed DSSRM can be achieved. The evolution curve is shown in Figure 21 and the calculated geometric parameters of the DSSRM are shown in Table 1 . 
Structural Decomposition Diagram and Prototype of DSSRM
The proposed DSSRM is a three-phase 12-Slot-8-Pole and its power is 3 KW with 48 V input voltage. The steel material of the stator is 25CS1500HF made by China Steel Corporation and its B-H curve is shown in Figure 22 . For the design of coil winding of the stator, 12.5 A/mm 2 of the current density and 1.1 mm of wire diameter are determined. One turn with five-cord-thread concentrated winding is given and its slot fill factor can be calculated as 60%. The detail of the winding structure can be seen in Figure 23 . To verify the validity of proposed DSSRM, a prototype of a 12/8 DSSRM is manufactured, as shown in Figure 24 . Figure 24a shows the whole view of proposed DSSRM. The outer (Figure 24b ) and inner (Figure 24c ) stators have windings. The stator shaft is fixed to the inner stator the segmental rotor (Figure 24d ) by nonmagnetic isolator, rotor back cover and rotor front cover. The rotor shaft is mounted on rotor front cover. The motor power output is unilateral from the rotor shaft, and the inner stator is fixed to back shell. 
The proposed DSSRM is a three-phase 12-Slot-8-Pole and its power is 3 KW with 48 V input voltage. The steel material of the stator is 25CS1500HF made by China Steel Corporation and its B-H curve is shown in Figure 22 . For the design of coil winding of the stator, 12.5 A/mm 2 of the current density and 1.1 mm of wire diameter are determined. One turn with five-cord-thread concentrated winding is given and its slot fill factor can be calculated as 60%. The detail of the winding structure can be seen in Figure 23 . To verify the validity of proposed DSSRM, a prototype of a 12/8 DSSRM is manufactured, as shown in Figure 24 . Figure 24a shows the whole view of proposed DSSRM. The outer (Figure 24b ) and inner (Figure 24c ) stators have windings. The stator shaft is fixed to the inner stator the segmental rotor (Figure 24d ) by nonmagnetic isolator, rotor back cover and rotor front cover. The rotor shaft is mounted on rotor front cover. The motor power output is unilateral from the rotor shaft, and the inner stator is fixed to back shell. tructural Decomposition Diagram and Prototype of DSSRM he proposed DSSRM is a three-phase 12-Slot-8-Pole and its power is 3 KW with 48 V i e. The steel material of the stator is 25CS1500HF made by China Steel Corporation and its is shown in Figure 22 . For the design of coil winding of the stator, 12.5 A/mm 2 of the cu ty and 1.1 mm of wire diameter are determined. One turn with five-cord-thread concentr ing is given and its slot fill factor can be calculated as 60%. The detail of the winding stru e seen in Figure 23 . To verify the validity of proposed DSSRM, a prototype of a 12/8 DSSR factured, as shown in Figure 24 . Figure 24a shows the whole view of proposed DSSRM (Figure 24b ) and inner (Figure 24c ) stators have windings. The stator shaft is fixed to the i the segmental rotor (Figure 24d ) by nonmagnetic isolator, rotor back cover and rotor . The rotor shaft is mounted on rotor front cover. The motor power output is unilateral from shaft, and the inner stator is fixed to back shell. 
Simulation Results
To verify the efficiency of the proposed method, a 2D FEM model is employed to analyze the characteristic of the DSSRM and to be compared with the conventional SRM. As shown in Table 2 , the parameters of the conventional 12/8 SRM are determined by commercially available product. To effectively compare the torques per volume of conventional SRM and the proposed DSSRM, some dimensions of the two motors with 3 KW are given as the same in this paper, such as equivalent air gap length, diameters of stator and rotor, and length of stack, as shown in Table 2 . Figure 25 shows 
To verify the efficiency of the proposed method, a 2D FEM model is employed to analyze the characteristic of the DSSRM and to be compared with the conventional SRM. As shown in Table 2 , the parameters of the conventional 12/8 SRM are determined by commercially available product. To effectively compare the torques per volume of conventional SRM and the proposed DSSRM, some dimensions of the two motors with 3 KW are given as the same in this paper, such as equivalent air gap length, diameters of stator and rotor, and length of stack, as shown in Table 2 . Figure 25 shows the flux linkages corresponding to MMF of conventional SRM and designed DSSRM. For SRM or DSSRM, the difference of flux linkages between aligned and unaligned positions is proportional to MMF. At unaligned position, the minimum inductance of the proposed DSSRM is smaller than that of the SRM. At aligned position, the maximum inductance of the proposed DSSRM is larger than that of the SRM. Figures 26 and 27 show the torque profiles of the conventional SRM and proposed DSSRM, respectively. Figure 28 shows the average torques of conventional SRM and proposed 
To verify the efficiency of the proposed method, a 2D FEM model is employed to analyze the characteristic of the DSSRM and to be compared with the conventional SRM. As shown in Table 2 , the parameters of the conventional 12/8 SRM are determined by commercially available product. To effectively compare the torques per volume of conventional SRM and the proposed DSSRM, some dimensions of the two motors with 3 KW are given as the same in this paper, such as equivalent air gap length, diameters of stator and rotor, and length of stack, as shown in Table 2 . Figure 25 shows the flux linkages corresponding to MMF of conventional SRM and designed DSSRM. For SRM or DSSRM, the difference of flux linkages between aligned and unaligned positions is proportional to MMF. At unaligned position, the minimum inductance of the proposed DSSRM is smaller than that of the SRM. At aligned position, the maximum inductance of the proposed DSSRM is larger than that of the SRM. Figures 26 and 27 show the torque profiles of the conventional SRM and proposed DSSRM, respectively. Figure 28 shows the average torques of conventional SRM and proposed DSSRM. The average torque generated by proposed DSSRM is larger than that of conventional SRM. Therefore, for the same torque output, less current of the proposed DSSRM is required and the electrical loads can also be reduced. It can be found that the proposed DSSRM can accommodate more conductors and reduces heat concentration of the stator. DSSRM. The average torque generated by proposed DSSRM is larger than that of conventional SRM. Therefore, for the same torque output, less current of the proposed DSSRM is required and the electrical loads can also be reduced. It can be found that the proposed DSSRM can accommodate more conductors and reduces heat concentration of the stator. DSSRM. The average torque generated by proposed DSSRM is larger than that of conventional SRM. Therefore, for the same torque output, less current of the proposed DSSRM is required and the electrical loads can also be reduced. It can be found that the proposed DSSRM can accommodate more conductors and reduces heat concentration of the stator. 
Conclusions
This paper presents a mathematic modeling of DSSRM with equivalent magnetic circuit to precisely predict the magnetic flux linkages of aligned and unaligned positions. GA integration of the proposed equivalent magnetic circuit is developed for rapid optimization of DSSRM to reach the maximum of the ratio of torque to volume of DSSRM. Compared to conventional SRM, an illustrated example of a 3-KW three-phase 12-Slot-8-Pole DSSRM is used to verify the efficiency of the proposed method. Simplified 2-D electromagnetic models are analyzed and simulated. Finally, results of the analytical calculations and FEA are validated by the proposed motor to show the accuracy of the designed strategy. In fact, from the results, the torque output of the proposed DSSRM is about 1.5 times that of the conventional 12/8 SRM under the same input current.
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